The structure of dynein isolated from several sources follows the pattern first observed with Tetrahymena 22 S dynein, which has three globular heads attached by three flexible strands to a root-like base. Recent biochemical data indicate that there is one ATPase site on each dynein head and that all three heads interact with microtubules in an ATP-sensitive manner. Accordingly, images of dynein in situ can be interpreted in terms of a model for crossbridge action where the roots of the bouquet anchor the dynein to the A-tubule and all three heads reach out to interact with the B-tubule in an ATP-dependent reaction to produce a force for sliding.
frozen, deep-etched, rotary-shadowed axonemes but was called the 'interdynein linker' (Goodenough & Heuser, 1982) . In this study, the dynein arm was described as having two 'feet' associated with the A-tubule, which supported a body that was connected to the B-tubule via a thin projection. Thus, the images obtained with shadowed axonemes were quite confusing and, in fact, first led the authors to propose that existing models for the dynein arm were backwards and that the dynein was actually attached to the B-tubule rather than the A-tubule (Heuser & Goodenough, 1981) .
The confusion resulting from examination of the intact axoneme was resolved by examination of isolated dynein using the Brookhaven ST E M (Johnson & Wall, 1982 , 1983 . It was shown that Tetrahymena dynein consisted of a bouquet of three globular heads attached by three flexible strands to a base, and had a net Mr of 1-9X106 (see Fig. 1 ). It thus immediately appeared reasonable that the roots of the bouquet anchored the dynein to the A-tubule and the three heads interacted with the B-tubule in the ATP-dependent reaction. The spur or interdynein linker then actually consisted of the stems of the bouquet connecting the heads to the base, and what appeared previously as the rod-like arm was, in fact, the three dynein heads. The growing evidence in support of this working hypothesis will be described below.
T he view of dynein as a three-headed molecule was confirmed by examination of 18 S and 12 S dyneins isolated from Chlamydomonas and known to be both components of the outer dynein arm (Piperno & Luck, 1979) . The larger 18 S dynein was shown to be a two-headed particle with 1 -25 X106Mr and the smaller 12 S dynein was shown to be a one-headed particle with 4 7 0 X 103MT as shown in Fig. 1 (Witman et al. 1982) . The two Chlamydomonas dyneins sum to be approximately equal to the Tetrahymena dynein in terms of the number of heads, the polypeptide composition, and the net Mt . Two years later, it was shown that three-headed particles could also be seen in shadowed preparations of Tetrahymena dynein; it was also reported that a three-headed particle could be found in crude extracts of Chlamydomonas (Goodenough & Heuser, 1984) , although no one has ever isolated a three-headed particle from Chlamydomonas.
Sea-urchin 21 S dynein has two heads and 1-25X 10bMt (Gibbons & Fronk, 1979; Johnson et al. unpublished results; Sale et al. 1985) . We have also examined dyneins isolated from bull sperm (Marchese-Ragona et al. 1984) and from porcine oesophagial cilia (Hastie et al. unpublished) . In each case an 18-19 S, two-headed ATPase was observed in addition to a single-headed, 12 S ATPase. These results correspond to the case of the Chlamydomonas dyneins, but further work will be required to establish definitively whether the 12 S ATPase was derived from the inner or the outer dynein arm. Preliminary data indicate that the 12 S ATPase was derived from the outer arm; and so, in each case except sea-urchin, the data argue for a three headed outer arm. The sea-urchin dynein is the only two-headed outer arm indicated to date and further work will be required to establish whether this is due to a real species difference or whether a third head remains associated with the axoneme following the extraction. It was originally thought that perhaps the difference of two versus three heads was a characteristic of flagella versus cilia; accordingly, the third head may have been required for the generation of an asymmetric ciliary wave. T h is does not appear to be reasonable because mutants of Chlamydomonas lacking the outer arm are capable of swimming forward with a normal, but slower, ciliary waveform (Kam iya & Okamoto, 1985; M itchell & Rosenbaum, 1985) . A large body of evidence suggests that the base of the bouquet is attached to the A-tubule and the three heads reach out to interact with the B-tubule in an A T Pdependent reaction to produce a force for sliding (see Johnson, 1985) . T h is was initially suggested from the structure of the isolated dynein and the previous description of an A TP-sensitive association of dynein with the B-tubule and a protease-sensitive attachment to the A-tubule (Takahashi & Tonomura, 1978) . Moreover, this assignment is consistent with the observation that the ATP-sensitive association site was broader than the ATP-insensitive attachment site (Haimo et al. for purified dynein particles and subfragments isolated from Tetrahymena (Johnson & Wall, 1982 , 1983 Clutter & Johnson, unpublished) , Chlamydomonas (Witman et al. 1982; Pfister & Witman, 1985) and sea-urchin (Sale et al. 1985) . T he structures of the Chlamydomonas subfragments are tentative assignments based upon the polypeptide composition and sedimentation coefficients of the particles. The structure of the second sea-urchin subfragment is not definitively known because it aggregates (agg.) and sediments at 15-30 S.
1979).
The first direct evidence in support of the identification of the dynein heads as the ATP-sensitive site came from an analysis of the radial mass distribution of dynein bound to microtubules; it was shown that the mass due to the dynein heads was close to the microtubule wall when the dynein was bound in an ATP-sensitive manner (Johnson & Wall, 1983) . Subsequent titrations established that there were three A TP binding sites per dynein (Johnson, 1983) and that three molecules of A TP were required to dissociate the dynein from the microtubule (Shimizu & Johnson, 19836) , thus indicating that all three heads were bound to the micro tubule.
More recently, numerous experiments have confirmed the rule that there is one ATPase site per dynein head. For example, there is one heavy chain per head and reaction with azido-ATP labels all heavy chains for each species of dynein exam ined, including Chlamydomonas (Pfister et al. 1984a,b) , Tetrahymena (Chilcote & Johnson, unpublished) and sea-urchin (Ow & Gibbons, 1985) . In addition, sub fragments of dynein can be obtained and each head fragment has been shown to possess ATPase activity. Sea-urchin 21 S dynein can be fractionated into two ATPases as shown in Fig. 1 (see also T an g et al. 1981). It was originally thought that these two ATPases corresponded to the two Chlamydomonas ATPases; however, the S T E M images and mass indicated that the sea-urchin dynein was similar to the Chlamydomonas 18 S dynein (Witman et al. 1982) . This was directly confirmed by Pfister & Witman (1984) , who showed that the 18 S dynein could be fractionated to yield two ATPases corresponding to the two sea-urchin ATPases, and by Sale et al. (1985) , who examined the structure of the sea-urchin dynein subfragments as summarized in Fig. 1 . In addition, Tetrahymena dynein can be digested with proteases to yield several fragments (Clutter & Johnson, 1985, unpublished) . Extended digestion produces single head fragments with ATPase activity. Mild digestion produces two stable fragments: a two-headed fragment with 930X 103M r and a single globular head with 300X 103M r. Each fragment has ATPase activity and will rebind to microtubules in an ATP-sensitive manner. These data establish that there are at least two and probably three ATP-sensitive, microtubule-binding domains on the Tetrahymena dynein. In addition, there may be something special about the structure of dynein in terms of its organization as two heads plus one, because Tetrahymena and Chlamydomonas dyneins subfractionate as,.a two-headed particle plus a third head.
Little is known about the functional differences between the three dynein heads. Tests with monoclonal and monospecific, affinity-purified polyclonal antibodies indicate that all three heavy chains are immunologically distinct (King et al. 1985;  Clutter & Johnson, unpublished). However, there do not appear to be any significant kinetic differences between the three dynein heads. The time course of the A TPinduced dissociation of dynein from the microtubule is potentially complicated by the fact that all three heads interact with the microtubule and three A TP molecules must bind to the dynein to induce dissociation. Nonetheless, the dissociation reaction follows a single exponential, indicative of a single kinetic step (Porter & Johnson, 1983) . This could be due to cooperative interactions between the three dynein heads, such that the binding of A TP to the first head causes a more rapid binding to the remaining two heads, or due to a kinetic difference between the heads, such that the rate of A TP binding to the third head was slower than the binding to the first two heads. Alternatively, a rapidly reversible binding of A TP to each head could account for the data if the dynein did not dissociate from the microtubule until all three heads were occupied by A TP. The latter possibility is the most plausible working hypothesis because it can account quantitatively for the interaction of dynein with microtubules (Johnson, 1986) .
There is considerable evidence that all three heads interact functionally with the microtubule in the ATP-sensitive complex. For example, dynein is activated by microtubules at low A TP concentration under conditions where dynein remains tethered to the microtubule by association via one or more of the heads and any dissociated head detects a high local concentration of microtubules and is activated (Omoto & Johnson, 1985) . This dynamic activation of the ATPase occurs as the dynein 'twiddles' on the microtubule surface, as the heads go off and then back on the micro tubule with the binding and hydrolysis of each A TP. The binding and hydrolysis of A TP without dissociation of the dynein from the microtubule was first described in terms of a loss of signal amplitude for the dissociation reaction at low A T P concentration (Shimizu & Johnson, 19836) . The addition of vanadate led to full recovery of the signal because it tied up each active site after the hydrolysis of only one A TP, thereby making the binding of A TP to each site irreversible (Shimizu & Johnson, 1983a,b) . Moreover, the kinetics suggested a multi-step reaction due to the sequential dissociation of the three dynein heads from the microtubule. All of these observations support the conclusion that each of the three dynein heads directly associates with the microtubule in an ATP-sensitive reaction and that the rates of A TP binding and hydrolysis at each site are similar.
Because existing models of dynein crossbridge action are based solely upon morphology and ignore the biochemical evidence (Satir et al. 1981; Goodenough & Heuser, 1982 , they can be eliminated from serious consideration. The major point of disagreement between the crossbridge models and the biochemical evidence is that the models postulate a single point of attachment to the B-tubule. Existing models for crossbridge motion are based upon an interpretation of relatively lowresolution images of the dynein arm in situ, and are subject to considerable error in interpretation because of the lack of definitive data to relate directly the elements of the bouquet seen in isolated dynein to the structures seen in situ. There is additional confusion because the length of the stems connecting the heads to the base equals the linear repeat of the dynein along the microtubule; and so, the heads of the dynein overlap the base of the adjacent molecule (Johnson et al. 1984; Goodenough & Heuser, 1984) . The morphological data must be re-interpreted in order to construct the most reasonable model for crossbridge action that accounts for the biochemical data indicating that all three dynein heads interact with the B-tubule. A second major flaw with existing models of dynein crossbridge action is in the identification of the structure of the rigor complex. In every case, the rigor complex has been defined as that structure seen in the absence of A TP. However, it is not that simple because placing an axoneme in the absence of ATP does not ensure that the crossbridges will be attached in rigor. On the contrary, most of the images obtained in the absence of A T P indicate that the arm is not crossbridged to the B-tubule. This is exactly what is predicted from a knowledge of the mechanochemistry of the axoneme. Unlike muscle, there must be some mechanism to prevent the interaction of most dynein arms so that only a small fraction of the dynein arms may be able to interact with the B-tubule at any given time in order to propagate a wave (Brokaw, 1980) . Thus, even in the absence of A TP, one should expect that less than 10% of the dynein arms will be crossbridged to the B-tubule. This explains the observation that the dynein heads appear to be associated with the A-tubule in the absence of A TP (Goodenough & Heuser, 1982 ; the thin connections from the base to the dynein heads are quite flexible and will allow the heads to collapse back onto the A-tubule during the freeze-etching procedure. The numerous, imaginative cross bridge models based upon this definition of the rigor complex cannot be correct.
If existing models of dynein crossbridge action can be eliminated, then what can be said about the conformational changes responsible for force production? In concrete structural terms, very little is known with certainty. The kinetic and thermodynamic data are indicative of a model based upon two conformational states, a tightmicrotubule-binding state predominates in the absence of A TP and a second, weakmicrotubule-binding conformation is induced by A TP binding (Johnson, 1985; Holzbaur & Johnson, 1986) . Nucleotide binding energy establishes the crossbridge pathway thermodynamically and kinetically by inducing a change in conformation to switch the dynein from one state to the other, coupled to dissociation and re formation of the crossbridge. Because of the close kinetic and thermodynamic similarities between dynein and myosin, crossbridge models based upon the myosin crossbridge cycle form the best working hypothesis for dynein at present. However, as outlined above, the major weakness in the available data is in terms of defining the structure of the microtubule-dynein complex in the absence of nucleotides. Future work is required to obtain the needed high-resolution, three-dimensional recon struction of the microtubule-dynein complex.
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